The in-medium masses of the kaons and antikaons in strongly magnetized asymmetric nuclear matter are studied using a chiral SU(3) model. The medium modifications of the masses of these open strange pseudoscalar mesons arise due to their interactions with the nucleons and scalar mesons within the model. The proton, the charged nucleon, has effects from the Landau energy levels in the presence of the magnetic field. The anomalous magnetic moments (AMM) of the nucleons are taken into consideration in the present study and these are seen to be large at high magnetic fields and high densities. The isospin effects are appreciable at high densities. The density effects are observed to be the dominant medium effects, as compared to the effects from magnetic field and isospin asymmetry. * Electronic address:
I. INTRODUCTION
The topic of hadrons in hot and/or dense matter has been a subject of extensive research due to its relevance in relativistic heavy ion collision experiments in various high energy particle accelerators, as well as, for study of bulk properties of astrophysical objects, e.g., neutron stars. There are huge magnetic fields produced in noncentral ultrarelativistic heavy ion collision experiments [1] . There is also natural occurrence of large magnetic fields in magnetars. The study of the effects of magnetic fields, in addition to the effects of high density and/or temperature on the properties of hadrons has emerged as an intense research topic in strong interaction physics in the recent years. The initial system of the heavy ion collisions has isospin asymmetry as the colliding nuclei have larger number of neutrons than the protons. Hence it is important to study the effects of the isospin asymmetry on the properties of the hadrons. The various approaches used for the study of in-medium properties of hadrons are the QCD sum rule approach [2, 3] , the effective hadronic models, e.g., Quantum Hadrodynamics (QHD) model [4] and its generalizations, the Quark meson coupling (QMC) model [5] where the quarks/antiquarks inside of the hadron interact via exchange of scalar and vector mesons, and effective hadronic models based on low energy properties of QCD, e.g., chiral symmetry breaking, as well as, coupled channel approach.
In the present work, using a chiral SU(3) model [6, 7] , the medium modifications of the masses of the kaons and antikaons in asymmetric nuclear matter in the presence of strong magnetic fields are studied. The proton has contributions from the Landau energy levels in the presence of an external magnetic field. The medium modifications of kaons and antikaons arise due to the interaction with the nucleons and scalar mesons, within the chiral SU(3) model. The model has been used to study the kaons and antikaons in isospin asymmetric nuclear (hyperonic) matter [8] [9] [10] [11] , nuclear matter [7] , finite nuclei [6] , vector mesons [12, 13] , neutron stars [14] . The in-medium masses of open (strange) charm [15] [16] [17] [18] [19] , open bottom mesons [20, 21] , charmonium [18, 22] and bottomonium states [23] have also been studied within the hadronic model by generalizing the model to the charm and bottom sectors. The partial decay widths of the charmonium states to DD pair [18, [24] [25] [26] , as well as, of bottomonium states to BB [27] in the hadronic medium have been studied, from the mass modifications of these hidden and open heavy flavour mesons. Recently, the effects of magnetic fields have been considered on the light vector mesons [28] as well as the heavy flavour mesons [29] [30] [31] [32] [33] , through the coupling of the nucleons with the uniform magnetic field, within the chiral effective model. The effects of the anomalous magnetic moments of the nucleons [34] [35] [36] [37] [38] [39] [40] on the mass modifications of these hadrons are also studied.
The outline of the paper is as follows : In section II, we describe briefly the chiral SU(3) model used to investigate the mass modifications of the kaons and antikaons in asymmetric nuclear matter in the presence of strong magnetic fields. Section III discusses the results of the medium modifications of the masses of these open strange pseudoscalar mesons in the magnetized asymmetric nuclear matter. In section IV, we summarize the findings of the present investigation.
II. THE CHIRAL SU(3) MODEL
We use a chiral SU(3) model [6] to obtain the in-medium masses of the kaons and antikaons in magnetized nuclear matter. The model is based on the nonlinear realization of chiral symmetry [41] [42] [43] and broken scale invariance [6, 7, 12] . The concept of broken scale invariance leading to the trace anomaly in QCD, θ µ µ = β QCD 2g G a µν G µνa , where G a µν is the gluon field strength tensor of QCD, is simulated in the effective Lagrangian at tree level through the introduction of a logarithmic potential in terms of a scalar dilaton field, χ [44, 45] .
The Lagrangian density of the chiral SU(3) model, in the presence of magnetic field, is given as [29, 30] 
where, L kin is the kinetic energy term, L BW contains the baryon-meson interactions, L vec describes the dynamical mass generation of the vector mesons via couplings to the scalar fields and contains additionally quartic self-interactions of the vector fields, L 0 contains the meson-meson interaction terms inducing the spontaneous breaking of chiral symmetry, L scalebreak is a scale invariance breaking logarithmic potential, L SB describes the explicit chiral symmetry breaking and L mag describes the effects due to the magnetic field through the coupling of the nucleons to the electromagnetic field.
The calculations in the present work of study of the kaons and antikaons in the magnetized nuclear matter are carried out in the mean field approximation, where the meson fields are replaced by their expectation values. We use the frozen glueball approximation, i.e., we fix χ = χ 0 , the vacuum value of the dilaton field. This is due to the reason that the medium modification of the dilaton field in nuclear medium is observed to be negligible as compared to the medium changes of the scalar fields, σ, ζ and δ. The coupled equations of motions of these scalar fields are derived from the Lagrangian density of the chiral SU(3) model, and, are solved to obtain the values of these fields in the asymmetric nuclear medium in the presence of magnetic field.
The interaction Lagrangian modifying the K andK mesons masses can be written as [11] L
In the above, the first term is the vectorial Weinberg-Tomozawa interaction term, which is the leading contribution in the chiral perturbation theory. This term is attractive for K mesons but repulsive forK mesons. The next to leading contributions are given by the scalar meson exchange term (the second term) and the range term (the last three terms). The parameters d 1 and d 2 in the last two range terms are determined to be 2.56/m K and 0.73/m K respectively [11] , by fitting to the empirical values of the kaon-nucleon (KN) scattering lengths for I =0 and I =1 channels [46] .
The Fourier transformations of the equations of motion for kaons (antikaons) lead to the dispersion relations,
where Π K(k) denotes the kaon (antikaon) self energy in the medium. Explicitly, these self energies are given as
where the ± signs refer to the K + and K 0 respectively, and,
where the ± signs refer to the K − andK 0 respectively.
The effective masses for K(K) are calculated using the dispersion relation given by equation (3), using the self energies for the kaons and antikaons given by equations (4) and (5) .
The mass of the charged kaon (antikaon) K + (K − ) has an additional positive mass shift due to the presence of the magnetic field, which retaining only the lowest Landau level [29, 30] , is given as
whereas for the neutral kaons (antikaons), K 0 (K 0 ), the effective masses are given as
In the above, m * K(K) are the solutions for ω at | k| = 0 of the dispersion relations given by Eq. (3).
III. RESULTS AND DISCUSSIONS
The in-medium masses of the K andK mesons are investigated in asymmetric nuclear matter in the presence of an external magnetic field, using a chiral SU(3) model. The medium modifications arise due to the interactions of these mesons with the protons, neutrons, and the scalar mesons (σ, ζ, and δ). In the presence of an external magnetic field B = (0, 0, B), the values of the scalar fields, σ, ζ and δ in the magnetized nuclear matter are solved in The contribution from the vector interaction (Weinberg-Tomozawa term) leads to a increase (drop) in the masses of the kaons (antikaons). The scalar mesons exchange term arising from the scalar-isoscalar fields (σ and ζ) is attractive for both K andK doublets.
The first term of the range term of Eq. (2) is repulsive whereas the second term has an isospin symmetry attraction contribution for both kaons and antikaons, with contribution arising due to interaction with nucleons, i.e, proton and neutron. The third term of the range term has an isospin dependence, i.e, dependence on proton number density for kaons and on neutron number density for antikaons.
In Fig.1 , the isospin asymmetry effects on the kaon K + are illustrated for values of the magnetic field eB of 2m 2 π , 4m 2 π , 6m 2 π , and 8m 2 π , in panels (a), (b), (c) and (d) respectively. From this plot, we see that as we move from vacuum to the dense medium, the mass of K + meson is observed to increase, with an initial rapid rise upto nuclear matter saturation density, ρ 0 . The rise in the mass of K + is observed to be much slower when the AMMs are not taken into account. The effects of AMMs are observed to be large for higher values of magnetic fields and the isospin asymmetry is observed to lead to smaller changes due to AMM effects as compared to the η = 0 case. The mass shifts for the K + mesons are observed to be larger for the symmetric nuclear matter as compared to the asymmetric nuclear matter.
In symmetric nuclear matter (η = 0), for ρ B = ρ 0 (6ρ 0 ), without including the effects of AMM, the in-medium masses of K + (in MeV) are obtained as 561.1 (535.39), 593.69 (634.18), 625.85 (657.01), 656.08 (676.41) for |eB| equal to 2m 2 π , 4m 2 π , 6m 2 π , and 8m 2 π respectively. Including the effects of AMM, these masses are changed to 561.85(610.48), 594.17(647.46), 625.89(680.28), 656.3(712.48) respectively. The values of the K + mass in the presence of magnetic field may be compared with the values of 524.75 (576) for density ρ 0 (6ρ 0 ) for zero magnetic field [11] . In the presence of magnetic field, there is additional contribution from the lowest Landau level as can be seen from equation (6) . fields with |eB| equal to 2m 2 π , 4m 2 π , 6m 2 π , and 8m 2 π respectively. For the same magnetic fields, including the effects of AMM, these masses (in MeV) are found to be 554.47 (582.99), 588.29(617.89), 620.6(652.04), 650.98(686.76). In the absence of AMM effects for the case of η = 0.5, the values of the scalar fields remain indpendent of the magnetic field, as there are only neutrons in the system and the only effect from magnetic field is due to the anomalous magnetic moment of the neutron. Here, the dependence of the K + mesons on the magnetic field is due to the lowest Landau level contribution for K + meson.
In Fig. 2 the isospin asymmetry effects on the kaon K 0 are illustrated for values of |eB| equal to 2m 2 π , 4m 2 π , 6m 2 π , and 8m 2 π , in panels (a), (b), (c), and (d) respectively. The major contribution in mass modification of K 0 meson is due to the leading term, the vectorial Weinberg-Tomozawa interaction term, which leads to an increase in the mass of K 0 from its vacuum mass of 494 MeV. The isospin asymmetry is observed to lead to larger shift in the mass of K 0 as compared to the isospin symmetric case, which is opposite of the behaviour of K + with isospin asymmetry.
For symmetric nuclear matter (η = 0), at ρ B = ρ 0 (6ρ 0 ), without including the effects of AMM, the values of the in-medium mass (in MeV) of K 0 meson are obtained as 521.33 (570.89), 520.34(567.17), 520.87(561.63), 521.16(553.23) for magnetic fields with |eB| equal to 2m 2 π , 4m 2 π , 6m 2 π , and 8m 2 π respectively. Including the effects of AMM, these values, are found to be 522.37 (573.05), 521.03 (580.03), 521.19 (585.5) and 521.61 (597.29) respecitvely.
The values of the K 0 mass in the presence of magnetic field may be compared with the values of 521 (573.2) for density ρ 0 (6ρ 0 ) for zero magnetic field [11] . In the case of the neutral K 0 meson in the presence of magnetic field, the effective mass is calculated from the dispersion relation (3) and there is no additional positive contribution due to Landau level, as is the case for the K + meson. The neutral K 0 meson has been studied recently in the presence of magnetic field for electrally charge neutral matter, using the chiral SU(3) model as used in the present investigation and including one loop corrections to the kaon propagator [47] .
There is observed to be a similar rise in the mass of K 0 as has been obtained in the present work. 530.49(669.67) for magnetic fields 2m 2 π , 4m 2 π , 6m 2 π , and 8m 2 π respectively. In the absence of AMM, the mass of K 0 is independent of the magnetic field for this situation of η=0.5, as the medium has only neutrons in this case and the only dependence of the magnetic field of the neutrons is due to the AMM of the neutron. The mass of K 0 turns out to be 528.7 (645.11) for density of ρ 0 (6ρ 0 ), when AMM of nucleons are not taken into consideration.
In Fig. 3 the isospin asymmetry effects on the kaon K − are illustrated for values of the magnetic field eB of 2m 2 π , 4m 2 π , 6m 2 π , and 8m 2 π , in panels (a), (b), (c), and (d) respectively. The major contribution in mass modification of K − meson is due to vectorial Weinberg-Tomozawa interaction term which leads to a drop in the mass of K − in the nuclear medium.
There is positive contribution to the mass of K − in the presence of magnetic field from the lowest Landau level as can be seen from equation (6. For symmetric nuclear matter (η = 0), for ρ B = ρ 0 (6ρ 0 ), without including the effects of AMM, the in-medium masses of K − (in MeV) are obtained as 499. 39 for density ρ 0 (6ρ 0 ) for zero magnetic field [11] .
For asymmetric nuclear matter with η = 0.3, for ρ B = ρ 0 (6ρ 0 ), without including the effects of AMM, the in-medium masses of K − meson (in MeV) are obtained as 505. 37 In Fig. 4 the isospin asymmetry effects on the kaonK 0 are illustrated for values of the magnetic field eB of 2m 2 π , 4m 2 π , 6m 2 π , and 8m 2 π , in panels (a), (b), (c), and (d) respectively. There is observed to be a drop in the mass ofK 0 with density. π , 4m 2 π , 6m 2 π , and 8m 2 π respectively. In the case when the AMM of the nucleons are not considered, the nuclear medium, which consists of only neutrons for η=0.5, is independent of the magnetic field, and the mass ofK 0 for ρ 0 (6ρ 0 ) is observed to be 438 (223) MeV.
IV. SUMMARY
To summarize, we have calculated the in-medium masses of the kaons and antikaons in asymmetric nuclear matter in the presence of strong magnetic fields using a chiral SU(3) model. The modifications of the masses of these strange pseudoscalar mesons arise due to the leading and next to leading order terms within the chiral perturbative theory. The leading contribution (Weinberg-Tomozawa term) gives a drop (rise) of the antikaons (kaons) due to the attractive (repulsive) interaction in the nuclear matter. The next to leading contributions are due to the scalar exchange and the range terms. The effects of the anomalous magnetic moments (AMM) of the nucleons are taken into consideration in the present work. These are observed to be appreciable for high magnetic fields at high densities. There is observed to be rise (drop) in the in-medium masses of the kaons and the antikaons with density for given isospin asymmetry and magetic fields. For the charged K ± mesons, there is additionl positive shift in the mass from the Landau level in the presence of magnetic field. The isospin effects are observed to be large at high densities. However, the density effects are observed to be the dominant medium effects as compared to the effects from the magnetic field and isospin asymmetry of the magnetized nuclear medium.
